Background: Canine diffuse large B-cell lymphoma (DLBCL) is a common and aggressive hematologic malignancy. The lack of conventional therapies with sustainable efficacy warrants further investigation of novel therapeutics. The Janus kinase (JAK) and signal transducer and activator of transcription (STAT) pathways play important roles in the pathogenesis of hematologic malignancies in humans including DLBCLs. AZD1480 and CYT387 are novel JAK1/2 inhibitors that have been used in clinical trials for treating various hematologic cancers in humans. No studies have characterized the antitumor effects of JAK inhibitors on DLBCL in dogs.
cytoplasmic domains of cytokine receptors after cytokine binding. Thrombopoietin, erythropoietin, granulocyte macrophage colony stimulating factor (GM-CSF), interleukin 5 (IL-5) and interleukin 3 (IL-3), and other factors signal through JAK2. 2 Activation of JAK2 promotes recruitment and phosphorylation of the transcription factor STAT3, which then leads to STAT3 dimerization and translocation into the nucleus where they activate downstream target genes important in cell proliferation, differentiation, and apoptosis.
3 JAK2-mediated STAT3 activation promotes growth and survival of a variety of human lymphomas. [4] [5] [6] In diffuse large B-cell lymphoma (DLBCL) of humans, JAK2-STAT3 is constitutively activated and promotes lymphoma cell proliferation and survival. 6 We have observed that STAT3 expression and activity are upregulated in dogs with DLBCL (unpublished data). Canine DLBCL is 1 of the most common cancers in dogs in the United States and serves as a comparative model for DLBCL in humans. 7 Because of the poor prognosis with the current standard of care cyclophosphamidedoxorubicin-vincristine-prednisone (CHOP), new therapies that may benefit both species are needed.
Identification of the JAK2 V617F mutation in human myeloid proliferative neoplasia (MPN) has led to the development of small-molecule JAK inhibitors that target the deregulated JAK signaling pathway specifically. Many compounds with JAK inhibitory activity have been generated, with several currently being assessed in clinical trials of human patients diagnosed with MPN and acute myeloid leukemia (AML).
8 AZD1480 a is a pyrazolopyrimidine ATP competitive inhibitor of JAK1 and JAK2, with some activity against JAK3, TYK2, and Aurora-A kinase at high maximal inhibitory concentration (IC) values. AZD1480 inhibits TEL-JAK2 fusion in AML of humans, 9, 10 but clinical evaluation of AZD1480 in patients with lymphoma has yet to be reported in either human or veterinary oncology. CYT387 (Momelotinib b ) is a JAK1/2 inhibitor that has clinical activity in humans with myelofibrosis. 11, 12 In veterinary medicine, the first JAK1/2 inhibitor Oclacitinib (Apoquel c ) was approved by the Food and Drug Administration (FDA) in 2013 for treating dogs with atopic dermatitis. 9, [13] [14] [15] Although success has been achieved in with this JAK1 inhibitor to treat dogs with dermatologic disease, no study has evaluated the potential therapeutic effects of JAK inhibitors in dogs with DLBCL. Our study aimed to evaluate the in vitro effects of JAK inhibitors AZD1480 and CYT387 in canine DLBCL cells and to elucidate the underlying mechanisms of AZD1480-and CYT387-mediated antitumor effects.
Materials and Methods

Cell Lines and Cell Culture Conditions
The canine diffuse large B-cell lymphoma (DLBCL) cell line CLBL-1 10 was cultured in Iscove's modified Dulbecco's medium (IMDM) containing 20% fetal bovine serum (FBS), 1 9 penicillin/ streptomycin, and 1 9 L-glutamine. Madin-Darby canine kidney (MDCK), normal canine kidney cells, was maintained in Dulbecco's modified Eagle medium (DMEM) containing 10% FBS, 1 9 penicillin/streptomycin, and 1 9 nonessential amino acids. The human DLBCL cell line OCL-LY7 was cultured in Roswell Park Memorial Institute (RPMI) 1640 medium containing 20% FBS, 1 9 penicillin/streptomycin, 1 9 nonessential amino acids, 1 mM sodium pyruvate, and 1 9 L-glutamine. All cell lines were cultured at 37°C with 5% CO 2 and were passaged every 48 hours.
Canine Large B-cell Lymphoma Samples and Fine Needle Aspirates
Lymph node samples from 3 client-owned dogs with a cytologic diagnosis of na€ ıve multicentric DLBCL were collected by the Oncology Service of the UW-Madison Teaching Hospital. The immunophenotype was confirmed by flow cytometry evaluation at Colorado State University. All canine lymphoma cells were aspirated with a 20 ga needle into C10 medium containing RMPI1640 with 10% FBS, 1 9 Penicillin/streptomycin, 1 9 nonessential amino acids, 1 9 L-glutamine, 1 mM sodium pyruvate, and 1 9 HEPES. Cells were spin down at 1.5 9 10 3 revolutions per minute (RPM) for 5 minutes at 4°C and were resuspended in ACK lysis buffer for RBC lysis. Lymphoma cells were used for a viability assay after RBC lysis.
Trypan Blue Exclusion Assay
The CLBL-1 and MDCK cells were seeded at concentrations of 0.1 9 10 6 /mL and 0.5 9 10 6 /mL, respectively in 6-well plates. Both groups of cells were treated with AZD1480 (Chemietek d ) or CYT387 (Chemietek d ) at concentrations of 1 lM, 2 lM, and 5 lM on the next day after cell plating. Dimethyl sulfoxide (DMSO, 100%) without AZD1480 or CYT387 was used as a control. Each cell line was seeded in triplicate for each treatment group and the entire experiment was repeated 3 times. The JAK inhibitors or DMSO-treated cells were harvested after 24, 48, or 72 hours of drug treatment. The trypan blue assay was used to determine the number of viable cells present in a cell suspension. The viable cells were counted by trypan blue exclusion assay before the drug treatment, or with 24-, 48-, or 72-hour drug treatment. The percentage of viable cells was normalized to the predrug treatment count. The trypan blue dye was mixed with the cell suspension at a ratio of 1 : 1. Viable cells were counted with a hemocytometer. 
Western Blot
The CLBL-1 cells were treated with control DMSO, AZD1480 (1-5 lM), or CYT387 (1-5 lM) for 12 or 24 hours and then were lysed in radioimmunoprecipitation assay (RIPA) buffer (Tris-HCL 25 mM, NaCL 150 mM, NP-40 1%, sodium dodecyl sulfate 0.1%, and Na deoxycholate 1%) with 1 9 phenylmethylsulfonyl fluoride (PMSF), 1 9 Halt protease inhibitor cocktail, j and 1 9 Halt phosphatase inhibitor cocktail j and incubated on ice for 20 minutes. The supernatant was collected after full-speed centrifugation at 13,000 RPM for 15 minutes at 4°C. The protein concentrations were verified by a standard bicinchoninic acid (BCA) method (Pierce BCA Protein Assay Kit k ). Total cell lysates were mixed with 4 9 Laemmli Sample Buffer l , and 30 lg of protein was loaded into each well. Because the endogenous expression level of p-JAK2 was very low ( Figure S1 ), for detection of phosphorylated JAK2 and phosphorylated STAT3, cells were stimulated with 25 ng/mL of recombinant human (rh) IL-6 (PeproTech m ) for 10 minutes before cell lysate preparations were made. For detection of total JAK1, total JAK2, and total STAT3, CLBL-1 cells were not stimulated with any cytokine. All samples were boiled at 100°C for 5-10 minutes before loading on SDS-polyacrylamide gels. Samples were electrophoresed on 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Bio-Rad Mini gel system l ). Transfer of proteins to nitrocellulose membrane was performed at 4°C for 1.5-2 hours at 110 V using a 25 mM Tris, 192 mM glycine, 20% (v/v) methanol, pH 8.3 transfer buffer (Bio-Rad Mini Trans-Blot system l ). After blocking for 2 hours in 5% milk at 37°C, blots were incubated with the following commercial antibodies: p-JAK2 (1 : 500, Santa Cruz Biotechnology 
Flow Cytometry Analysis of p-STAT3
Flow cytometry analysis of p-STAT3 was performed as previously described. 16 Briefly, CLBL-1 cells were plated in 6-well plates (1 9 10 6 /well) treated with control (DMSO), AZD1480 (2.5 lM), or CYT387 (1.5 lM). After 24-hour JAK inhibitor treatment, the cells were harvested and washed with phosphatebuffered saline (PBS). Cells were resuspended in 1 mL of IMDM with 1% BSA and incubated for 90 minutes at 37°C for serum starvation. The cells were incubated with DMSO control or JAK inhibitors for another 10 minutes and then stimulated with 25 ng/mL rhIL-6 (PeproTech m ) for 10 minutes at 37°C. Cells were fixed with 2% paraformaldehyde and permeabilized by 95% methanol. p-STAT3 was detected by Alexa Fluor 647-conjugated primary antibody (pY705, BD Biosciences 
Statistical Analysis
All statistical analyses were conducted by GraphPad Prism v6.05.
f One-way analysis of variance (ANOVA) followed by Tukey's post hoc test was used to compare the changes in the proportion of cells undergoing apoptosis, as measured by Annexin V and SYTOX Red flow cytometric analysis. Differences between the vehicle control and selected drug concentrations at different time points after treatment were determined by 1-way ANOVA followed by Dunnett's multiple comparisons. Upon normalization of cell viability data to DMSO control, 2-tailed unpaired Student's t tests were used to determine the significance of difference between the CLBL-1 and MDCK cell lines at different concentrations of AZD1480 or CYT387. P-values ≤0.05 were considered significant.
Results
JAK1/2 Inhibitors AZD1480 and CYT387 Decrease Canine DLBCL Cell Growth In Vitro
To test the potential therapeutic effects of AZD1480 and CYT387 on canine DLBCLs, canine diffuse large B-cell lymphoma cell line (CLBL-1 cells 10 ) was utilized to test whether AZD1480 or CYT387 can inhibit canine DLBCLs cell growth in vitro. The normal canine kidney cell line, MDCK, was used to compare the effect of AZD1480 and CYT387 on lymphoma cells versus normal cells. Compared with the DMSO control group, there was a significant decrease in viable CLBL-1 cells in both AZD1480-and CYT387-treated cells. This inhibitory effect in CLBL-1 cells was dose-dependent as there was a gradual decrease in viable cells with increasing drug concentrations (Fig 1A & B) . In contrast, both AZD1480 and CYT387 only had mild inhibitory effects on normal canine kidney cell (MDCK) even at the high concentrations of 5 lM (Fig 1C & D) . To further investigate if the cell growth inhibition effects caused by AZD1480 and CYT387 were more significant in canine lymphoma cells, we compared the percentage of cell growth reduction in JAK inhibitor-treated CLBL-1 cells to MDCK. CLBL-1 and MDCK cells treated by DMSO only were used as control. With 48 or 72-hour drug treatment, both AZD1480 and CYT387 caused significantly greater reduction of cell growth in canine DLBCL cells than in normal canine kidney cells, especially at higher concentrations of 2 lM and 5 lM (Fig 1E-G) . Therefore, JAK inhibitors AZD1480 and CYT387 cause more growth inhibition in canine lymphoma cell line as compared to normal kidney cells.
In addition to the trypan blue exclusion assay, CellTiter96 AQ ueous One Solution Cell Proliferation assay was conducted. Consistent with the result of the trypan blue exclusion assay, there was a significant dose-dependent reduction in CLBL-1 cell growth after 24, 48, or 72 hours of drug treatment (Fig 2A) . To further quantify the concentration of JAK inhibitors necessary for IC50, CLBL-1 cells were treated with AZD1480 or CYT387 at concentrations of 0-6 lM for 72 hours. MTS assay was conducted and the OD 490 of JAK inhibitor-treated groups was normalized by the OD 490 of the DMSO control. The IC50 of AZD1480 with 72-hour treatment was 2.58 lM, and the IC50 of CYT387 with 72-hour treatment was 1.56 lM (Fig 2B) . In addition to CLBL-1 cells, we tested whether AZD1480 and CYT387 can decrease the viability of canine primary DLBCL cells. Three canine DLBCL samples were aspirated from the lymph nodes of canine DLBCL patients at the Oncology Service of UW-Madison Teaching Hospital. Lymphoma diagnosis and immunophenotype were confirmed by cytology evaluation and flow cytometry, respectively. Approximately 40,000 primary canine lymphoma cells were plated per well of a 96-well plate and were treated with AZD1480 and CYT387 at concentrations of 1 lM, 2 lM, or 5 lM. CellTiter96 AQ ueous One Solution Cell Proliferation assays were performed after 48 hours of drug treatment. Compared with the DMSO control group, all 3 canine primary lymphoma cells had a significant reduction in cell growth with AZD1480 or CYT387 treatment (Fig 3A-C) . Consistent with the CLBL-1 cell line result, these data show that AZD1480 and CYT387 decrease primary canine lymphoma cell growth. As DLBCL in dogs is a well-established animal model for non-Hodgkin lymphoma of humans, 7 we extended our study to test whether AZD1480 and CYT387 can decrease the viability of human DLBCL cell line OCL-LY7. At concentrations of 2 lM and 5 lM, 48-hour drug treatment with AZD1480 and CYT387 resulted a significant reduction in viability of human lymphoma cells compared with the DMSO control. At a concentration of 1 lM, CYT387 also significantly decreased cell viability, but no significant effect was observed in the AZD1480-treated group (Fig 3D) . By utilizing a panel of both canine and human lymphoma samples, we conclude that AZD1480 and CYT387 decrease the viability of DLBCL cells.
JAK1/2 Inhibitors AZD1480 and CYT387 Inhibit Phosphorylation of STAT3 in a Dose-Dependent Manner In Vitro
To evaluate how AZD1480 and CYT387 impact JAK2 and its downstream target STAT3 expression and activation, CLBL-1 cells were treated with DMSO, AZD1480 (2.5 lM), or CYT287 (1.5 lM) at their respective IC50 concentrations for 48 hours. Total RNA and cell lysates were harvested. JAK1 and JAK2 mRNA levels were evaluated by quantitative real-time PCR. AZD1480 and CYT387 treatment did not decrease JAK1 or JAK2 mRNA expression (Fig 4A) . Instead, we detected a slight increase in JAK1 and JAK2 mRNA expression in the CYT387-treated group. To evaluate the protein expression of JAK1 and JAK2, total cell lysates from DMSO-, AZD1480-, and CYT387-treated groups were fractionated by SDS-PAGE, and Western blot was conducted with primary antibodies against total JAK1, JAK2, and STAT3. Beta actin was used as a loading control. Compared with the DMSO control group, total JAK1, JAK2, and STAT3 had similar protein expression levels in AZD1480-or CYT387-treated group (Fig 4B left panel) . Thus, AZD1480 and CYT387 do not inhibit JAK1 and JAK2 expressions at either the mRNA transcript or protein level. Because JAK2 and STAT3 are activated by phosphorylation of tyrosine residues, we further assessed whether AZD1480 and CYT387 can inhibit activation of the JAK2-STAT3 pathway by decreasing phosphorylation of JAK2 and STAT3. Compared with the DMSO-treated control cells, both p-JAK2 and p-STAT3 were decreased in CYT387 or AZD1480-treated cells at a concentration of 5 lM (Fig 4B right panel) . In addition, inhibition of STAT3 phosphorylation was dose-dependent as there was a gradual decrease in p-STAT3 protein expression with increasing concentrations of AZD1480 and CYT387. To further support this conclusion that STAT3 phosphorylation was decreased by AZD1480 and CYT387 treatments, we evaluated STAT3 phosphorylation by flow cytometry analysis ( Fig 4C & 4D) . In DMSO-treated CLBL-1 cells, p-STAT3 expression increased significantly upon cytokine IL-6 stimulation. However, in AZD1480 (2.5 lM)-and CYT387 (1.5 lM)-treated cells, p-STAT3 expression was not responsive to IL-6 stimulation and remained at the basal level (Fig 4C) . There was a significant increase in p-STAT3 median fluorescence intensity (MFI) in the DMSO control group (2.4-fold increase) upon IL-6 stimulation, but MFI did not change in AZD1480 or CYT387-treated cells even with cytokine stimulation (Fig 4D) . We conclude that AZD1480 and CYT387 treatment do not inhibit JAK1/2 transcript or protein expressions in DLBCL cells, instead, they inhibit JAK2 and STAT3 phosphorylation and activation.
AZD1480 and CYT387 Inhibit Canine DLBCL Cell Growth by Increasing Apoptosis
To explore the underlying mechanism of JAK inhibitors AZD1480 and CYT387 on canine DLBCL cell growth, we performed an apoptosis assay to determine if the decrease in cell number occurred as a consequence of increased apoptosis. Both CLBL-1 and MDCK cells were treated with DMSO, AZD1480 (2 lM or 5 lM), or CYT387 (1 lM or 5 lM). At 72-hour post-treatment, CLBL-1 and MDCK cells were stained with Annexin V and SYTOX Red dead cell stain and were subjected to flow cytometry analysis. Early apoptotic cells were defined as Annexin V-positive and SYTOX Red dead cell stain-negative. Healthy cells were defined as double negative for both Annexin V and SYTOX Red dead cell stain (Fig 5A & D) . Although the percentage of healthy CLBL-1 cells decreased with increasing concentrations of AZD1480 and CYT387, the percentage of early apoptotic cells was increased (Fig 5B & E) . There was no significant change in the percentage of early apoptotic cells in AZD1480-treated MDCK cells or CYT387-treated MDCK cells at lower concentrations (1 lM; Fig 5C & F) . Therefore, treatment with JAK-2 inhibitors AZD1480 and CYT387 induces apoptosis in DLBCL cells in a dose-dependent manner. This proapoptotic effect of AZD1480 and CYT387 is more pronounced in canine lymphoma cells compared with normal kidney cells (MDCK).
AZD1480 and CYT387 Disrupt Canine Lymphoma Cell Proliferation Cycle
Inhibition of cell growth can be achieved by increasing apoptosis, by decreasing cell proliferation, or by both mechanisms. We further assessed the impact of AZD1480 and CYT387 on cell cycle in canine lymphoma cells. The CLBL-1 cells were treated with AZD1480 at 2 lM, CYT387 at 1 lM, or DMSO as negative control. After 72 hours of JAK inhibitor treatment, CLBL-1 cells were fixed and stained with (Fig 6A) . Compared with DMSO-treated control, AZD1480-or CYT387-treated canine lymphoma cells were less proliferative with increased percentage of cells in G0 phase and decreased percentages of cells in G1 and S/G2/M phases. Thus, AZD1480 and CYT387 effectively inhibited canine lymphoma cell proliferation.
Discussion
Although CHOP-based chemotherapy can prolong survival in dogs with DLBCL, complete cure is rare. Management of dogs with DLBCL remains challenging, and effective targeted therapies are much needed. Several JAK1/2 ATP competitive type I kinase inhibitors, including AZD1480 and CYT387, have been tested in clinical trials in humans for various solid and hematologic malignancies. 17 AZD1480 was first described as pyrazol-3-yl pyrimidin-4-amine, a potent inhibitor for both JAK1 and JAK2. 18 The AZD1480 can inhibit STAT3 phosphorylation, nuclear translocation, and tumor growth in a dose-dependent manner in vitro. 19 In a mouse xenograft model, AZD1480 can inhibit cell proliferation of neuroblastomas and sarcomas and induce apoptosis by inhibition of the STAT3 pathway. 20 Similar results are observed in human myeloma cell lines. 21 CYT387 is a novel JAK1/2 inhibitor that was first developed to treat myelofibrosis (MF) in humans. This drug was well tolerated in a nonrandomized study with clinical benefit in intermediate or high-risk MF with response in anemia and splenomegaly. 12 In addition to its therapeutic effects in MF, in vitro studies showed that CYT387 can inhibit multiple myeloma cell proliferation by interrupting the cell cycle. 22 Our study is the first to evaluate the in vitro activity of AZD1480 and CYT387 in DLBCL of dogs. These results show that both drugs can inhibit canine DLBCL cell growth in a dose-dependent manner by inducing apoptosis and inhibiting cell proliferation. These findings support the feasibility of a future phase I/II clinical trial with AZD1480 and CYT387 in dogs with DLBCL.
CYT 387 is a JAK1/2 inhibitor that also has activity against JAK3 and TYK2 at high IC values. Although in vitro kinase assays indicate that CYT387 inhibits the 19, 24 The IC50 of AZD1480 in our study was approximately 2.5 lM and comparable to what has been previously published. Above 1 lM, AZD1480 has been shown to inhibit Ba/F3 cell lines driven by the JH1 catalytic domains of JAK3 or TYK2 fused to the oligomerization domain of translocationEts-leukemia virus protein. 19, 25 The IC50 of AZD1480 in CLBL-1 cells is >1 lM. Furthermore, although statistical differences were found between treated and untreated cells, it appears that in 67% patient samples and in the OCL-LY7 cell line that >50% of the cells survived even at the highest drug concentration for both AZD1480 and CYT387 (Fig 3) . Thus, AZD1480-mediated lymphoma-specific inhibition in our study may not entirely be regulated by inhibition of the JAK2-STAT3 pathway. Instead, AZD1480 regulatory functions in TYK3, JAK3, FLT-3, and Aurora-A- . Compared with DMSO controlled treated cells, there was a significant increase in early apoptosis in canine DLBCL cell line CLBL-1 treated with either AZD1480 or CYT387 (B, E). The increase in apoptosis in normal canine kidney cell line MDCK was minimal and not statistically significant (C, F). Data were presented as mean AE SD. *P < 0.05; **P < 0.01; ***P < 0.001. kinase may impact development of B-cell lymphoma in dogs at multiple levels. Although broad spectrum inhibitory effects may be beneficial in treating several hematologic malignancies, the off-target effects of AZD1480 indicate caution for risk of severe adverse events (AE) in future clinical trials. Dose-limiting toxicities (DLT) of AZD1480 in phase I studies of humans consist of pleiotropic neurologic adverse events including dizziness, anxiety, ataxia, hallucinations, and behavior changes. 26, 27 In vivo evaluation of AZD1480 and CYT387 functions in a canine xenograft lymphoma mouse model 28 may provide invaluable safety and efficacy data before a phase I/II canine lymphoma clinical trial. In addition, future phase I clinical trial in DLBCL in dogs should incorporate a dose escalation design, and investigators should be aware of the risk of severe, unexpected AE with AZD1480.
JAK2-STAT3 is a point of convergence for multiples oncogenic signaling pathways. The link between STAT3 activation and regulation of Bcl-2 family protein expression has been extensively studied in human lymphoid cells.
29,30 STAT3 inhibition is associated with increased apoptosis and decreased Mcl-1 expression in large granular lymphocytic leukemia. 30 In human myeloma cells, STAT3 activation and nuclear translocation promote IL-6 responsive gene expression.
29 Although IL-6 promotes expression of the prosurvival protein Bcl-xl, the JAK-2 inhibitors can inhibit the expression of Bcl-xl. 31 In addition, STAT3 inhibition induces apoptosis by decreasing expression of survivin, an antiapoptotic protein, in primary effusion lymphoma of humans. 32 Future studies focusing on gene regulation of the Bcl-2 family proteins may be important to identify the underlying mechanisms of AZD1480-and CYT387-induced apoptosis. Because STAT3 inactivation by JAK2 inhibitors is associated with deregulation of the critical cell cycle protein, Cyclin D1, 33 it is also important to evaluate the effects of AZD1480 and CYT387 on CyclinD, Ras/Map kinase, and the b-catenin-Tcf/LEF pathways. Other future directions include evaluating the impact of AZD1480 and CYT387 on tumor angiogenesis and metastasis because AZD1480 has antiangiogenic and antimetastatic activities via inhibition of vascular endothelial growth factor and matrix metallopeptidase 9. 31 
Conclusion
Our study determined that JAK1/2 inhibitors AZD1480 and CYT387 effectively inhibit canine lymphoma cell growth by promoting apoptosis and interrupting the normal cell cycle. AZD1480 and CYT387 inhibit JAK2-STAT3 activation by inhibiting its tyrosine phosphorylation in a dose-dependent manner. 
